The aim of this article is to analyze conformational changes by comparing 10 different structures of Pseudomonas aeruginosa phosphomannomutase/phosphoglucomutase (PMM/PGM), a four-domain enzyme in which both substrate binding and catalysis require substantial movement of the C-terminal domain. We focus on changes in interdomain and active site crevices using a method called computational solvent mapping rather than superimposing the structures. The method places molecular probes (i.e., small organic molecules containing various functional groups) around the protein to find hot spots. One of the most important hot spots is in the active site, consistent with the ability of the enzyme to bind both glucose and mannose phosphosugar substrates. The protein has eight additional hot spots at domain-domain interfaces and hinge regions. The locations and nature of six of these hot spots vary between the open, half-open, and closed conformers of the enzyme, in good agreement with the ligand-induced conformational changes. In the closed structures the number of probe clusters at the hinge region significantly depends on the position of the phosphorylated oxygen in the substrate (e.g., glucose 1-phosphate versus glucose 6-phosphate), but the protein remains almost unchanged in terms of the overall RMSD, indicating that computational solvent mapping is a more sensitive approach to detect changes in binding sites and interdomain crevices. Focusing on multidomain proteins we show that the subresolution conformational differences revealed by the mapping are in fact significant, and present a general statistical method of analysis to determine the significance of rigid body domain movements in X-ray structures.
Introduction
Proteins are dynamic polymers and their conformational flexibility is critical for function, particularly for interactions with other molecules. 1 The conformational transitions can be described in terms of the classical induced fit mechanism, 2 or the conformational selection model which assumes an ensemble of pre-existing conformations. 3 The influence of ligand binding on the conformation of any protein was first demonstrated in 1965 for the enzyme rabbit phosphoglucomutase, a member of the phosphohexomutase superfamily. 2 Although no phosphoglucomutase structure was available in 1965, Yankeelov and Koshland were able to show that the binding of the substrate glucose 6-phosphate causes a number of significant changes, including the enhancement of the fluorescence spectrum, an increased rate of inactivation by iodoacetamide, and a decreased reactivity of lysine, methionine, and cysteine residues to alkylation. 3 Taking together the data from various experiments, they concluded that a substrate-induced conformational change occurs, and that this conformational change is related to the specificity of the enzyme.
In this article we return to the conformational analysis of a phosphohexomutase, and focus on phosphomannomutase/phosphoglucomutase (PMM/PGM) from Pseudomonas aeruginosa, a human pathogen. PMM/PGM has been the subject of multiple crystallographic and kinetic investigations, [4] [5] [6] [7] [8] [9] [10] [11] [12] and hence in our analysis we can use 10 X-ray structures of the apoenzyme and its complexes with various substrates. Another novel aspect of this study is that we compare the PMM/PGM conformers in terms of their interdomain crevices using a very sensitive tool called computational solvent mapping, [13] [14] [15] [16] originally developed for the identification of ''hot spots,'' that is, pockets of a protein that bind a variety of small organic molecules. An established experimental approach to finding such hot spots is screening for the binding of fragment-sized organic compounds. [17] [18] [19] As the binding is very weak, it is usually detected by nuclear magnetic resonance (SAR by NMR 17 ) or by X-ray crystallography 18, 19 methods. In particular, the multiple solvent crystal structures (MSCS) method involves the soaking of a protein in a series of organic solvents, whereupon binding regions can be determined based on the crystallization of the protein in each solvent and subsequent superimposition of the X-ray structures to identify regions where multiple solvent molecules bind. 18, 19 The protein mapping algorithm used in this article is a computational analog of the MSCS experiments. The method places molecular probes, small organic molecules containing various functional groups, around the protein surface on a dense grid, finds favorable positions by further search using empirical free energy functions, clusters the low energy conformations, and ranks the clusters on the basis of the average free energy. 15 The low energy clusters of different probes are further clustered to identify consensus sites, and the importance of such sites is measured in terms of the probe clusters contained. Since the differences in the number of probe clusters that bind to a particular site highlight even very small conformational changes if those affect the size or surface properties of the pocket, mapping is very useful for comparing different structures of a protein. [20] [21] [22] [23] [24] In fact, we find pockets that, according to our druggability criteria, 15, 16 are not likely to bind any ligand beyond the size of the probes, but the changes in their size and shape provide insight and can be verified by other means.
The Pseudomonas aeruginosa PMM/PGM catalyzes the reversible, intramolecular conversion of glucose 6-phosphate (G6P) to glucose 1-phosphate (G1P), or mannose 6-phosphate (M6P) to mannose 1-phosphate (M1P), depending on the biosynthetic pathway in which it is operating. The reaction involves two successive phosphoryl transfer steps (first from enzyme to substrate and second from the intermediate back to the enzyme), and proceeds through a bisphosphorylated sugar intermediate (e.g., glucose 1,6-bisphosphate or G16P). Crystal structures of enzyme-substrate complexes show that the 1-and 6-phosphosugar substrates are accommodated in two distinct, overlapping binding modes in the same binding site via carefully positioned interactions with the O3 and O4 hydroxyl groups. 8 These structures showed definitively that the mechanism of the enzyme requires a dramatic 180 reorientation of the intermediate in between phosphoryl transfer steps. In addition, an isotope trapping experiment has shown that the reorientation of G16P occurs without dissociation from the enzyme 7 and can, thus, be considered a simple example of processivity, as defined by multiple rounds of catalysis without release of substrate.
The 10 X-ray structures of P. aeruginosa PMM/ PGM to be studied are listed in Table I . Figure 1 9 The active site cleft is even more open in 1K2Y, the apoform of the S108A mutant. The structure 2FKF of the phosphorylated enzyme bound to the reaction intermediate G16P is between the open and closed states, with a half-open active site. 11 We note that since in the catalytic cycle the enzyme binding G16P is dephosphorylated, 2FKF is an off-pathway conformation. 11 The flexibility of domain 4 relative to the rest of the protein has clear relevance to substrate binding, and is likely to play a role at multiple points during catalysis. In particular, the rotation of domain 4 and its resulting interaction with domain 1 is critical for creating the high-affinity substrate binding site. One would expect that movement of domain 4 would be required upon not only substrate binding and product release, but also upon reorientation of the intermediate during the reaction. How-ever, all closed structures, including the dephosphorylated protein with bound intermediate (2FKM) are very similar, with an overall C a RMSD of around 0.2 Å . Since this is comparable to the error in the The common hot spots for the closed protein conformers, illustrated using 1P5D as an example. Colors reflect the rank of the hot spots for 1P5D, from highest to lowest: red, orange, yellow, green, with blue and magenta for the two hot spots tied for rank 5. An interactive view is available in the electronic version of the article.
atomic coordinates, these differences are generally considered insignificant. As will be described, the mapping of 10 PMM/ PGM structures yields a number of interesting results. First, this multidomain enzyme has a much more complex hot spot structure than the single domain enzymes we have previously studied. 14 The simple enzymes usually have a primary hot spot in the main specificity pocket and one or two additional hot spots nearby, accommodating further moieties of the substrate. In contrast, PMM/PGM has nine significant hot spots, one in the active site and the others at domain-domain interfaces and at hinge regions. The locations and nature of these hot spots vary between the open, half-open, and closed conformers of the enzyme, in good agreement with the ligand-induced conformational changes observed in the crystal structures and consistent with the known enzyme mechanism. 11 Second, the location of hot spots in the active site suggests an explanation for the ability of this enzyme to bind both glucose and mannose phosphosugar substrates. Finally, the most interesting and somewhat controversial observation is the substantial difference in the importance of a hot spot between the closed structures that bind substrate molecules phosphorylated only at the O1 position (G1P, M1P, ribose 1-phosphate, and xylose 1-phosphate), and the closed structures that bind substrates phosphorylated at the O6 position (G6P, M6P, and G16P), indicating a conformational transition. A follow-up statistical analysis shows that this conformational change is highly significant (P < 10 À6 ), despite the small overall RMSD between the two types of structures. These results further demonstrate the use of computational solvent mapping as a ''molecular microscope'' which can reveal very small but significant changes in the size and shape of pockets.
Results

Hot spots of PMM/PGM and the effects of ligand binding
Mapping calculations were performed on the 10 crystal structures of P. aeruginosa PMM/PGM listed in Table I . The metal ion (Zn 2þ ) and phosphoserine 108 (when present) were included in the coordinate files. All waters and ligands were removed before mapping. As described in the methods, hot spots were identified by the locations of overlapping probe clusters, also referred to as consensus sites. 15 The rank of each hot spot is based on the number of probe clusters it contains. In several cases where two hot spots for the same structure were physically adjacent, either partially overlapping or within a few angstroms of each other, they were combined into one for analysis herein.
The mapping identified nine significant hot spots as described in Table II , which also lists the rank of each hot spot in the four representative structures shown in Figure 1 (A), as well as the residues that line each hot spot. A schematic of the enzyme structure showing the approximate location of the nine hot spots is shown in Figure 1 (B). One of 1P5D  2FKF  1K35  1K2Y   AS  Active site  2 a  1  3  5  Y17, R20, S108, R247, K285, T306, G307, H308,  E325, S327, H329, E375, N377, R421, S423,  N424, T425, T426, V430  H1  Hinge  5  4  3 a  4  D261, R262, T287 the most important hot spots coincides with the substrate binding site within the active site cleft, and is denoted AS. As will be discussed, AS is actually the union of two adjacent but distinguishable hot spots that overlap two different moieties of the bound substrates. Finding a few hot spots at the substrate binding site is in good agreement with the results of mapping a number of enzymes. 14 However, in contrast to the single-domain enzymes we have previously studied, PMM/PGM has eight additional hot spots, located near domain-domain interfaces and in hinge regions. We have used the locations as descriptive identifiers [ Fig. 1(B) ]. For example, a hot spot found in a cleft between domains 2 and 3 is called D23. Another structural feature used to identify two hot spots (H1 and H2) is the hinge region, an area involved in substantial conformational change upon ligand binding, 9 and located at the juncture of domains 3 and 4 [ Fig. 1(B) ]. Table III shows the location and rank of the nine hot spots in the 10 PMM/PGM structures, as well as the number of probe clusters at each location. The hot spot AS located at the substrate binding site is one of the largest in all structures but in 1K2Y, the structure of the dephosphorylated apo-enzyme which has the most open binding site. The site will be further discussed in the next section. The other large consensus site present in all structures is D123, located in a large pocket on the ''backside'' of the protein [see Fig. 1(C) ]. Based on our experience with mapping, [13] [14] [15] such large and invariant hot spots do not occur without a biological function, but at present no information is available on the potential role of the D123 site. However, some phosphoglucomutases are known to interact with a number of other proteins. For example, according to the database of interacting proteins (http://dip. doe-mbi.ucla.edu/dip/), tandem affinity purifications shows that E. coli phosphoglucomutase interacts with ribonuclease R and acetyl-coenzyme A carboxylase carboxyl transferase. Being on the opposite side of the protein from the active site, D123 is a possible location for such protein-protein interactions.
The mapping results show substantial differences between the hot spot structures observed in closed [ Fig. 1(C) ] and open [ Fig. 1(D) ] conformations. Only three hot spots are present in both conformations: the active site AS, D123 on the opposite side of the protein, and H1 in the hinge region between domains 1-3 and domain 4 which will be discussed in more detail. The closed structures have three additional hot spots, D14 between domains 1 and 4, D34 between domains 3 and 4, and D4 in the back of domain 4. As discussed, in the half-open and open structures domain 4 moves farther from the rest of the protein, and these three pockets cease to be significant. However, we find three new hot spots, D13 and D23 between domains 1 and 3 and between (14) 5 (10) a Denotes phosphorylated form of enzyme. Rank of each hot spot is indicated in column below each structure, with the number of probes in the hot spot shown in parentheses. The top three hot spots for each structure are shown in red, orange, and green font, respectively. Hot spots with fewer than five probe clusters are not included. For hot spot definitions, see Table II . For the closed conformers, hot spots found in only one or two structures are omitted for clarity. domains 2 and 3, respectively, and H2 in the hinge region close to the conserved pocket H1. The substantial changes in the hot spot structure emphasize that the effects of ligand binding are not constrained to the vicinity of the active site. As will be discussed, some of the conformational changes are due to the rigid body motion of domain 4 upon ligand binding, but the results also reveal significant changes at the interfaces of domain 3 with domains 1 and 2.
In our previous work we have primarily used computational solvent mapping for the identification of druggable subsites of proteins. [13] [14] [15] [16] 20, 22 A number of other applications were directed toward the characterization of binding sites, 21, 23, 24 including the comparison of such sites in different structures.
Here we also compare different structures, but now all but one of the hot spots are in inter-domain pockets rather than in a binding site. As they are formed by domain-domain interfaces, these pockets were expected to be highly hydrophobic. However, the only pocket with a large fraction of hydrophobic residues is D23, which exists only in the open state (Table II) . We emphasize that the existence of hot spots does not imply that the inter-domain pockets serve as binding sites for any compound. In fact, any druggable site (i.e., a site that can bind a drug-size ligand with significant affinity) must have a hot spot with at least 15 probe clusters. 15, 16 As shown in Table III , only the AS and the D123 sites satisfy this condition. Several pockets have similarly high probe numbers in either open or closed states. While binding of appropriate molecules at these locations might stabilize the particular conformation, at this point we do not have any example of such behavior.
Hot spots in the active site of PMM/PGM
Similarly to the other enzymes we have studied, 14 the active site contains one of the most important hot spots in all closed conformers of PMM/PGM. The AS site is typically the second highest in rank for these structures and consists of 26 to 35 probes clusters (Table III) . For the closed conformers of PMM/ PGM, the location of the AS hot spot coincides almost exactly with the position of bound substrate, as observed in the crystal structures of the PMM/ PGM enzyme-ligand complexes. Figure 2(A,B) show a comparison between the AS probe clusters and the position of the bound G1P in the 1P5D enzyme complex. 11 As described later, for the closed conformers of PMM/PGM, the interactions of the probe molecules in the AS site recapitulate the direct enzyme-substrate interactions with high fidelity.
Within the AS hot spot, the probes are clearly grouped into two subsites that correspond quite closely to either the sugar moiety or the phosphate group of the substrate. The probes that occupy the sugar subsite include molecules with cyclic structures, such as phenol and benzene, and the rings of these probe molecules closely mimic the position of the sugar ring [ Fig. 2(A,B) ]. Other probes in the sugar subsite tend to localize to areas that correspond to the sugar hydroxyls of the substrate, especially the O3 hydroxyl [ Fig. 2(B) ], and make contacts (hydrogen bond or nonbonded) with its interacting residues (E325 and S327), as observed in crystal structures of the enzyme-substrate complexes. 11 Probes that occupy the phosphate subsite are generally more polar, and include acetamide, acetone, acetaldehyde, N,N-dimethylformamide, and urea. The common structural feature of these five probes is a carbonyl oxygen positioned to make key contacts with residues in the invariant phosphate-binding site of the enzyme [Fig. 2(B) ]. 11 Superposition of the probes and substrate shows that in each case, the carbonyl oxygen of the probe is virtually superimposable with a specific phosphate oxygen of the substrate: atom O3P. In the enzyme substrate complexes, this oxygen atom participates in a critical three-way contact with the protein, involving residues Y17, R421, and N424. 11 In addition to the multiple residues involved, the enzyme contacts to this oxygen span domains 1 and 4 of the protein, essentially ''latching the lid'' of the closed active site complex. We note that, in contrast to the many contacts made with residues involved in ligand binding, relatively few contacts are found between the probes and residues essential for catalysis (such as the active site phosphoserine S108). This is consistent with the results of previous mapping studies, as the method focuses on binding rather than catalytic properties of the sites. 14 An interesting observation from the mapping of the active site is the paucity of probes in the vicinity of the O2 hydroxyl of the substrate [Fig. 2(B) ], which is a site of structural variability between the glucose and mannose phosphosugar substrates of PMM/PGM. Unlike the O3 and O4 hydroxyls, which have the same stereochemistry in glucose and mannose and exchange positions in the 1-versus 6-phosphosugar complexes, the O2 hydroxyl occupies a distinct position in each of the four enzyme-substrate complexes. 11 In accordance with observations from the crystal structures, the mapping studies show that this region of the site is not very important for binding. In fact, the protein establishes limited contacts with the O2 hydroxyl of its substrates, which enables the enzyme to accommodate its two phosphosugar substrates in their two different binding orientations. Thus, the lack of a hot spot around sites of structural variability in substrates can be considered as an avenue to achieving binding promiscuity restricted to a family of substrates that show conservation in the regions of the hot spots.
Domain motion with subresolution conformational change
As described, the hot spot H1 in the hinge region is present in both closed and open structures (Table III) .
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However, the number of probe clusters at the H1 site substantially varies among different closed structures. The results in Table III suggest that the size of this site (as measured in terms of the number of probe clusters) is directly controlled by the type of substrate or intermediate present in the active site more than 17 Å away. Indeed, the H1 pocket includes few (or none) probe clusters if the ligand in the active site is phosporylated only at the O1 position, that is, in G1P, M1P, R1P, and X1P. However, the number of probe clusters more than doubles when the ligand is phosphorylated at the O6 position as in G6P, M6P, and G16P, clearly indicating a substantial change in the size of the pocket.
It is not difficult to find a plausible explanation for the origin of long-range interactions between the AS and H1 sites. As shown in Figure 3(A,B) , the protein has a very large crevice between domains 1-3 and domain 4. This crevice accommodates three hot spots, AS in the active site, D34 in the middle, and H1 in the hinge region. The comparison of open, closed, and half-open conformations reveal that domain 4 can easily move relative to the rest of the protein, and most likely can occupy an ensemble of different conformational states. Binding a ligand phosporylated at the O1 position of the sugar selects for a state with a relatively narrow interdomain crevice and an H1 pocket that binds a relatively small number of probe clusters [ Fig. 3(A) ]. In contrast, the binding of a ligand phosphorylated at the O6 position of the sugar selects for a slightly more open active site conformation, resulting in a wider crevice and a substantially larger H1 pocket. The slightly wider crevice, highlighted by the mapping studies, may also help explain why the K m of the enzyme is 70-fold lower for G1P than G6P, a fact that even detailed analyses of the high resolution crystal structures failed to illuminate. 7 The existence of multiple conformational states is in agreement with the notion of a dynamic free energy landscape with shallow energy wells and transition barriers that allow the protein to sample the conformation appropriate for efficient ligand-binding interactions.
The assumption that there exists an ensemble of low energy positions for domain 4, ranging from the closed to the open states, helps to explain the changes in the H1 site highlighted by the mapping results. However, all closed structures are very similar to each other, irrespective of the type of the ligand, and hence it is not clear whether the small C a RMSD-on the order of 0.2 Å -would be compatible with a meaningful conformational change. Can it be that the mapping result is simply an artifact? We show below that this is definitely not the case. In fact, we show that the rigid body translation between two conformations of a protein can be determined with a small standard error which is 1= ffiffiffi n p times the standard error in the atomic coordinates, where n is the number of residues in the moveable domain, and thus a relatively small difference between the calculated centers of mass for the two structures may indicate highly significant motion. In more intuitive terms, it is extremely unlikely that random noise in a large number of atomic coordinates would result in significant rigid body motion unless such coordinated motion really exists.
As described in the methods, the above argument can be translated into rigorous statistical evaluation. As an example, we consider the problem of determining the significance of the rigid body motion of domain 4 between 1P5D (with a small H1 pocket) and 1P5G (with a large H1 pocket) that both have the crystallographic resolution of 1.6 Å . We first superimpose domains 1-3 of the two structures. Starting from this common coordinate system, superimposing domains 4 of the two structures requires the translation vector b T ¼ ðÀ0:276; 0:138; À0:072Þ T , which represent a shift of k b T k¼ 0:317 Å . After the application of this translation and the optimal rotation, the C a RMSD between the superimposed domains 4 of the two structures is 0.135 Å . As the effects of any rigid body motion have been removed, this residual RMSD is due to the random noise in the data, and can be considered representing the standard error in the atomic coordinates. The value of 0.135 Å is in agreement with the 1.6 Å resolution of the structures. As described in the methods, we calculate the t-statistics defined by t ¼k b
T k =ð ffiffiffi 3 p Â RMSD= ffiffiffi n p Þ where n ¼ 96 is the number of residues in domain 4, resulting in t ¼ 13.28. This value is very high, and implies that the probability of finding the 0.317 Å translation by chance, rather than due to a rigid body motion, is less than 0.0001%. For comparison, we note that the critical t value from the table of the Student's t-distribution is t* ¼ 3.29 at P ¼ 0.001 and 95 degrees of freedom. The application of the same analysis to all closed structures shows that any of the structures 1P5D, 1PCJ, 2H4L, and 2H5A (all with ligands phosphorylated only at the O1 position) differs from any of the structures 1P5G, 1PCM, and 2FKM (with ligands phosphorylated at the O6 position) with similarly high significance. Thus, we conclude that despite the small conformational change, the position of domain 4 is significantly affected by the position of the phosphorylated oxygen of the ligand bound to the active site of the enzyme. We note that the internal equilibrium constant, that is, the ratio of enzymebound G6P and G1P, calculated from the rapidquench data, is 2.9. 7 By contrast, the K eq for the interconversion of a-G1P and a-G6P in solution equals 7. Thus, PMM/PGM provides differential stabilization of G1P relative to its energy free in solution compared to G6P, which is consistent with the mapping results showing the G1P complexes are more closed than the ones with G6P.
Discussion
Phosphomannomutase/phosphoglucomutase (PMM/ PGM) from P. aeruginosa catalyzes the reversible, intramolecular conversion of glucose 6-phosphate (G6P) to glucose 1-phosphate (G1P), or mannose 6phosphate (M6P) to mannose 1-phosphate (M1P). Based on crystallographic and kinetic investigations, both substrate binding and catalysis require substantial conformational changes by the enzyme. The changes are largely enabled by the multidomain structure of the protein. Indeed, the C-terminal domain 4 is connected to the other three domains by a flexible hinge, and upon substrate binding rotates by $9 , changing the active site from a relatively open cleft to a deep pocket.
One of the most important hot spots identified for the PMM/PGM structures is found in the large active site cleft. Clearly this region contains structural features favorable for binding of small molecules. For the closed conformers of the enzyme, the highly ranked AS hot spot recapitulates the enzymesubstrate interactions with high fidelity: probe interactions mimic both the sugar and phosphate moieties of the ligand. The identification of a ''substrate-like'' hot spot only for the closed conformer is consistent with the crystallographic studies, which show that key structural features required for substrate binding (e.g., the invariant phosphate-binding site) 9 are present only when the protein adopts its characteristic ligand-bound conformation.
The interesting and somewhat unique finding for PMM/PGM is the large number of hot spots, located in the domain-domain interfaces that surround the active site cleft and at the hinge region between domains 3 and 4. All but one of these sites are less hydrophobic than expected for pockets in interfaces, 25 but only one of them appears to be a potentially druggable binding site. It is also clear from the mapping studies that most of these hot spots are very sensitive to structural differences in the different conformers of PMM/PGM. Three of the nine hot spots are present in all structures, three others are found only in the closed states, and the remaining three are only in the open and the halfopen structures. Most of the changes are associated with the large conformational change of domain 4 upon ligand binding. However, the mapping also reveals that small conformational changes in domain 4 create a more complex conformational landscape for the enzyme than previously appreciated. In particular, in the closed structures the size of a pocket in the hinge region significantly depends on the position of the phosphorylated oxygen in the bound substrate. Although the RMSD between the two types of structures is very small, rigorous statistical analysis shows that the difference in the pocket size is due to a small but statistically very significant rigid body motion of domain 4. We identify only two different states, but this finding is in agreement with the notion of a dynamic free energy landscape with shallow energy wells and transition barriers that allow the protein to sample a variety of conformations. This part of the article makes two interesting and fairly general contributions. First, we show that the mapping is capable of detecting changes in the binding sites that are due to very small conformational changes and hence are generally missed by simple inspection. Second, the method of analysis we have developed confirms that conformational changes can be real and significant even at an overall RMSD that is close to the expected error in the atomic coordinates.
Materials and Methods
Computational solvent mapping
The FTMAP algorithm consists of five steps as follows:
Soft rigid body docking of probe molecules. Protein structures are downloaded from the Protein Data Bank (PDB). 26 For each structure, we use 16 small molecules as probes (acetaldehyde, acetamide, acetone, acetonitrile, benzaldehyde, benzene, cyclohexane, dimethyl ether, N,N-dimethylformamide, ethane, ethanol, isobutanol, isopropanol, methylamine, phenol, and urea). For each probe, billions of docked conformations are sampled by soft rigid body dock-ing based on Fast Fourier Transform (FFT) correlation approach. 15 The method performs exhaustive evaluation of an energy function in the discretized 6D space of mutual orientations of the protein (receptor) and a small molecular probe (ligand). The center of mass of the receptor is fixed at the origin of the coordinate system. The translational space is represented as a grid of 0.8 Å displacements of the ligand center of mass, and the rotational space is sampled using 500 rotations. The energy function is a linear combination of four different energy terms
representing van der Waals (E vdw ), electrostatics (E elec ), cavity-modulated hydrophobic (E cavity ), and structure-based pairwise (E pair ) interactions. The details of the energy functions are described in the original FTMAP article. 24 Note that mapping requires only the atomic coordinates of the two molecules, that is, no a priori information on the binding site is used. The 2000 best poses for each probe are retained for further processing.
Minimization and rescoring. The free energy of each of the 2000 complexes, generated in Step 1, is minimized using the CHARMM 27 potential with the Analytic Continuum Electrostatic (ACE) model representing the electrostatics and solvation terms as implemented in version 27 of CHARMM 27 using the parameter set from version 19 of the program. During the minimization by an adopted basis Newton-Raphson method the protein atoms are held fixed while the atoms of the probe molecules are free to move.
Clustering and ranking. The minimized probe conformations from Step 2 are grouped into clusters using 3 Å RMSD as clustering radius. 15 Clusters with less than 10 members are excluded from consideration thereby avoiding narrow energy minima with low entropy. 15 The retained clusters are ranked on the basis of their Boltzman averaged energies. Ten clusters with the lowest average free energies are retained for each probe.
Determination of consensus sites. To determine the consensus sites, that is, the positions at which several probe clusters overlap, the clusters of different probes are clustered using the distance between the cluster centers as the distance measure. The site with the maximum number of probe clusters (with cluster centers within a 4 Å radius) is selected as consensus site 1 (CS1). The clusters in CS1 are removed from consideration, and the procedure is repeated until all clusters are assigned to a consensus site. The consensus sites are ranked based on the number of the probe clusters they contain.
